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Understanding molecular level ligand interfacial interaction with gold
nanoparticles (AuNPs) is important for AuNP applications such as catalysts, drug
delivery vehicles, and so forth. As an organothiol that can undergo multiple
tautomerization, protonation and deprotonation reactions, 2,6-dithiopurine (DTP) can
have many different structures in solution and on AuNP surfaces. The goal of this
research is to determine the structure of DTP on AuNPs at different pHs using a
combination of experimental investigation and computational modeling. The
experimental DTP UV-vis spectra and the DTP adsorption on AuNPs are pH strongly
dependent, indicating the structural complexity of DTP in solution. The DTP SERS
spectra suggest that the DTP on the AuNPs adopted mainly two specific structure
compositions, indicating that the DTP structures in solution and on AuNPs can be
significantly different. More advanced theoretical modeling is needed in order to
understand the structural complexity of DTP in solution and on AuNPs.
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CHAPTER 1
INTRODUCTION

Understanding molecular level ligand interfacial interaction with gold
nanoparticles (AuNPs) is important for AuNP applications such as catalysts, drug
delivery vehicles, and so forth.1-6 2,6-dithiopurine (DTP) is used as a ligand in this study
because of its structural complexity. As a purine derivative, the DTP molecular structure
has the characteristic fused pyrimidine and imidazole rings. Due to its highly conjugated
heterocyclic structure and electronegative sulfur and nitrogen, DTP can undergo multiple
tautomerization, protonation and deprotonation reactions.7 Considering the SH group
rotation, DTP may have as many as 44 different tautomeric forms.7 The purpose of this
work is to understand the pH dependence of the DTP structures and compositions in
solution and on gold nanoparticle surfaces using a combination of experimental
investigation and computational modeling.
Combining experimental and calculated data is an effective method to investigate
the structure and conformation of organothiols adsorbed onto metal surfaces.8-12 In this
study the molecular structures of DTP in solution are probed using a combination of UVvis and Raman spectroscopy while the pH dependent DTP interaction with AuNPs is
investigated using surface enhanced Raman spectroscopy (SERS) and quantitative ligand
adsorption methods. To understand the experimental results, the DTP structure
1

distribution at different pHs, together with the UV-Vis, Raman, and SERS spectra of
individual DTP tautomeric/ionic structures, were calculated using Density Functional
Theory (DFT).
This thesis is composed of three related chapters. Chapter 1 is a brief introduction
of the study, including the significance and the methods used. Chapter 2 describes Raman
spectroscopy and SERS, and the localized surface plasmonic resonance. Chapter 3
depicts the experimental and computational study of DTP structures in solution and on
AuNPs.

2

CHAPTER 2
INTRODUCTION TO RAMAN AND SURFACE ENHANCED RAMAN
SPECTROSCOPY

2.1

Introduction to Raman Spectroscopy
Raman phenomenon is induced by inelastic scattering of photons, which was

predicted in 1921 by an Austrian theoretical physicist, Adolf Gustav Stephan Smekal.
Seven years later, this phenomenon was first observed in an experiment by an Indian
scientist, Chandrasekhara Venkata Raman. Due to this discovery, Raman was awarded
the Nobel Prize in Physics in 1931. Today this spectroscopic technique is called Raman
spectroscopy in honor of its discoverer.
Similar to infrared (IR) spectroscopy, Raman spectroscopy also studies
vibrational modes in a system and provides molecular structure information. One of the
major advantages of Raman analysis over IR is its tolerance to water, making bioanalysis
feasible. When light is scattered inelastically, the wavelength of the scattered radiation
differs from that of the incident light. The wavelength shifts recorded by Raman
spectroscopy depend on the molecular structures of analytes.13 Raman spectroscopy was
a rarely used technique until the 1960s when the laser was introduced as a light source.13
With the narrow spectral bandwidth and high intensity, lasers as the Raman excitation

3

source made routine Raman spectral acquisition possible for analytes which are
moderately Raman active.

2.2

Theory of Raman Spectroscopy
Raman spectra are acquired by detecting the scattered photons after radiating

samples with a UV-visible or near-IR monochromatic laser.13 The scattered photons are
usually detected at a right angle from the incident laser.13 Except for resonance Raman
spectroscopy, the monochromatic laser wavelength used in Raman measurement is
usually away from the absorbance band of analyte molecules to avoid fluorescence.13
Thus, the analyte molecule is excited to a virtual state which is lower than the ground
vibrational state of the lowest excited electronic state.13 This process is called Raman
excitation. The excited molecule will then drop down from a virtual state to the ground
electronic state and release energy by emitting photons. During this process, if the
wavelength of the emitted photon is the same as that of the incident laser, the light
scattering is elastic and termed Raleigh scattering. If the wavelength of the emitted
photon is different from that of the incident laser, the light scattering is inelastic and
termed Raman scattering. Raman scattering is further classified as either Stokes
scattering or anti-Stokes scattering according to the wavelength difference between the
scattered light and the incident light. The abscissa of a Raman spectrum is the
wavenumber shift Δν, which is defined as the difference of wavenumber (cm-1) between
the scattered light and the incident light.13 The intrinsic difference between Raman
spectroscopy and fluorescence spectroscopy is their excitation states. In fluorescence
spectroscopy an analyte molecule can be excited to an excited electronic state and then
4

drop down from the ground vibrational state of the lowest excited electronic state to the
ground electronic state. In Raman scattering an analyte molecule is excited to a virtual
state and then drops down to the ground electronic state.

2.2.1

Mechanisms of Rayleigh and Raman Scattering
The energy-level diagram of Figure 2.1 depicts Rayleigh and Raman scattering.13

At room temperature, most analyte molecules initially stay at the ground vibrational state
of the ground electronic state. An analyte molecule is excited from the ground vibrational
state of the ground electronic state to a virtual state by a laser radiation. The increased
energy hνex equals to the energy of the incident photon. Therefore, the energy of the
molecule at the virtual state depends on the frequency of the incident laser and there are
infinite number of virtual states.13 When the molecule returns to the ground electronic
state, energy is released by photon emission. Three different scenarios can occur
simultaneously as shown in Figure 2.1.

5

Figure 2.1

Rayleigh, Stokes, and anti-Stokes scattering

If the emitted photon has the same wavelength and frequency as those of the
incident laser, the light scattering is elastic and is called Rayleigh scattering, represented
by the two heavy arrows in the middle of Figure 2.1. The two arrows on the left in Figure
2.1 represent Stokes scattering. After Raman excitation, an analyte molecule drops down
to the first vibrational state of the ground electronic state rather than to the ground
vibrational state of the ground electronic state. The frequency of the emitted photon is
smaller than that of the incident laser. This process happens less often than Rayleigh
scattering. Therefore the arrow representing the photon emission of Stokes scattering is
lighter than that of Rayleigh scattering. Stokes scattering is inelastic and the energy gap
between the incident photon and the emitted photon is ΔE. In anti-Stokes scattering, a
molecule at the first vibrational energy state of the ground electronic state is excited and
then returns to the ground vibrational state of the ground electronic state. The frequency
6

of the emitted photon is larger than that of the incident photon. The energy gap ΔE is the
same in magnitude but reversed in sign with that of Stokes scattering. Compared with
Rayleigh scattering and Stokes scattering, anti-Stokes scattering happens least often
because, at room temperature, few analyte molecules are initially at the first excited
vibrational state of the ground electronic state. The two arrows representing anti-Stokes
scattering in Figure 2.1 are the lightest. Stokes scattering peaks and anti-Stokes scattering
peaks spread symmetrically around the elastic Rayleigh scattering peak, with the intensity
order of Rayleigh scattering > Stokes scattering > anti-Stokes scattering.13 Although both
Stokes scattering and anti-Stokes scattering are Raman scattering, conventionally, Raman
scattering only refers to Stokes scattering because anti-Stokes scattering is too weak. It
should be noted that the vibrational energy levels in an electronic state are not evenly
spaced because each vibrational mode is intrinsically an anharmonic oscillator.

2.2.2 Raman Selection Rules and Wave Model
Raman spectra give molecular structure information. A Raman shift value is
characteristic of certain kinds of bond vibrational modes. However, not all molecules or
all bond vibrations can be detected by Raman spectroscopy. Raman selection rules
require a nonzero derivative of the change of polarizability at the equilibrium position.
Raman selection rules are often compared with IR selection rules which require a change
of electric dipole moment of the molecule when the atoms are displaced relative to one
another.14 Raman spectra and IR spectra are usually complementary because certain bond
vibrational modes may be Raman active, but IR inactive, and vice versa. For example,
carbon dioxide is a linear molecule and thus has
7

modes of vibration. Two

stretching vibrational modes of carbon dioxide are shown in Figure 2.2. The left mode is
symmetric and the right one is asymmetric. The symmetric vibration causes a change of
polarizability. But the net dipole moment of this mode is zero because of the reversed
directions of the two dipoles. Therefore, this vibrational mode is Raman active but IR
inactive. The asymmetric vibration induces a dipole moment change, while the
polarizability is constant passing through the equilibrium position. Therefore the
asymmetric vibrational mode is IR active but Raman inactive.

Figure 2.2

Two stretching vibrational modes of carbon dioxide

Raman scattering is induced by a monochromatic laser irradiation. Therefore,
Raman scattering can be explained by the electromagnetic theory. The electric field of the
laser radiation can be described by the following equation:13
(2.1)
where, E

- electric field of laser radiation

E0

- amplitude of wavelength

νex

- frequency of incident laser

t

- time

When laser radiation interacts with the electron cloud of a bond in an analyte
molecule, the induced dipole moment in the bond can be described by:13
(2.2)
8

where, m
α

- laser induced dipole moment
- polarizability of bond

With the further introduction of the following three equations:13
(2.3)
(2.4)
(2.5)
The final equation is derived as:13

(2.6)
where, m

- laser induced dipole moment

α0

- polarizability of the bond at the equilibrium internuclear distance req

α

- polarizability of bond

req

- equilibrium internuclear distance

r

- internuclear separation at any instant

rm

- maximal internuclear separation relative to the equilibrium position

E0

- amplitude of wavelength

νex

- frequency of incident laser

νv

- frequency of vibration

t

- time

The first term in this equation represents Rayleigh scattering and the frequency of
the emitted light is νex. The second term in this equation represents Stokes scattering and

9

the frequency of the emitted light is νex - νv. The third term in this equation represents
anti-Stokes scattering and the frequency of the emitted light is νex + νv.

2.3

Raman Instrumentation
A modern Raman spectrometer consists of a laser source, a sample holder, a

spectrograph, a charge-coupled device (CCD) detector, and a computer for data
processing.13 Figure 2.3 shows the Raman spectrometer used in our lab. Solid samples
and liquid solutions are dropped onto a stainless steel plate for Raman measurement. As a
sample holder, the stainless steel surface does not give any Raman signal itself. Raman
spectroscopy was rarely useduntil the introduction of a laser source and a CCD detector.
Laser is an intense light source and the CCD detector records broad wavelengths of
scattered Raman light simultaneously, increasing the popularity of Raman spectrometry.

Figure 2.3

Raman spectrometer
10

A Raman signal is intrinsically weak because only a small portion of incident
light undergoes Stokes scattering. Raman intensity is only about 0.001% the intensity of
the incident light.13 Therefore, the use of lasers is necessary in Raman spectroscopy. The
different types of lasers with visible or infrared wavelengths are shown in Table 2.1.13
Raman intensity increases as the fourth power of the frequency of the incident light.13
However, a laser with ultraviolet wavelengths cannot be verified in this relationship
because molecules tend to be photo-decomposed under ultraviolet light. Except for
resonance Raman spectroscopy, the laser wavelength used in Raman spectroscopy is
usually well away from the maximal absorbance of a target molecule to avoid
fluorescence.13 Normal Raman spectra are usually measured with a visible laser.

Table 2.1

Common laser source for Raman spectroscopy
Laser Type
Argon ion
Krypton ion
Helium-neon
Diode
Nd-YAG

Wavelength (nm)
488.0 or 514.5
530.9 or 647.1
632.8
785 or 830
1064

In resonance Raman spectroscopy, the laser wavelength is close to the electronic
absorption band of an analyte.13 This causes the excited state to reach the lowest excited
electronic state, and Raman scattering happens instantaneously in less than 10-14
seconds.13 The major advantage of resonance Raman spectroscopy over normal Raman
spectroscopy is the enhanced Raman intensity, which depends on how close the laser
wavelength and the maximal absorption wavelength are. Therefore, resonance Raman
11

spectroscopy requires a tunable laser.13 Because the maximal absorption of molecules is
usually in the ultraviolet range, one of the major problems in the application of resonance
Raman spectroscopy is photo-decomposition.

2.4

Surface Enhanced Raman Spectroscopy

2.4.1

Introduction
SERS is a surface sensitive technology studying the enhanced Raman signal of

molecules adsorbed to noble metal nanostructures.15-18 The enhanced signal is usually
105~106 more intensive than that of normal Raman spectroscopy.19-21 Therefore, SERS is
a sensitive analytical technology and the detection limit for some molecules may reach
nanomolar, picomolar, or even lower concentrations where SERS can be used to detect
single molecules.22-28 The SERS phenomenon was found by accident in 1974 when
Fleischmann et al. observed an unexpectedly high Raman intensity of pyridine adsorbed
on a silver electrode.29-30 They roughened the electrode to increase the surface area
because they expected the acquisition of higher Raman intensity by more analyte
adsorption on electrode surface.30 Scientists realized years later that the dramatic Raman
signal enhancement was not due to more molecular adsorption but attributed to a surface
process called SERS effect.25, 29
The SERS effect is witnessed on rough surfaces of noble metal electrodes or
nanostructures, which are called SERS substrates.15 Silver electrode, gold electrode,
silver nanoparticles (AgNPs), and gold nanoparticles (AuNPs) are the most widely used
SERS substrates. Many different mechanisms were proposed to explain SERS
phenomenon.15 However, most of the mechanisms have been discarded because of defect
12

or error. SERS effect is currently attributed to two mechanisms, electromagnetic
mechanism and chemical mechanism, contributing 104 and 102 to signal enhancement,
respectively.15, 31-32

2.4.2

Electromagnetic Mechanism
Electromagnetic mechanism attributes the enhanced SERS intensity to the

excitation of plasmon near the substrate surface.29 Plasmon here refers to the collective
oscillation of valence electrons under laser irradiation. The electromagnetic field of both
the incident light and the scattered Raman light is amplified by the excited plasmon.29 For
a spherical metal particle whose radius is much smaller than the wavelength of light, the
electric field is uniform across the particle and the induced field can be expressed by the
following equation:29
(2.7)
Where,
1
2

(ν) - complex, frequency dependent dielectric function of metal
- relative permittivity of the ambient phase

According to the above equation, the magnitude of the induced field depends on
the frequency or wavelength of laser light. The maximal value will be reached when
-2

2

1

and the specific frequency is called the resonance frequency.29 The dielectric

resonance condition is met in the visible region of the spectrum for nanoparticles
comprising coinage metals such as silver and gold.15 The SERS effect induced by
plasmon decreases significantly with the increasing distance between ligand molecules
and surface of SERS substrates.29 The SERS enhancement falls off following the
13

=

equations of

for a single molecule located a distance d from the surface of a

sphere with radius r, where G is enhancement fall off, or

for a monolayer of

ligands.29 The distance d is usually 5 to 10 nm.

2.4.3

Chemical Mechanism
If the electromagnetic mechanism is the sole cause of SERS enhancement,

according to mathematical calculation, SERS enhancement factor should be
approximately 104 no matter what molecules are adsorbed on the SERS substrate
surface.15 However, a difference is often observed when analytes are different, such as
the factor difference of 200 for CO and N2 SERS intensities under the same experimental
conditions.29 It is commonly accepted that the chemical mechanism contributes 102 for
SERS enhancement. The most plausible proposal of chemical mechanism is that, when
molecules adsorb onto the metal particle surface, the new electronic states which arise
from chemisorptions serve as resonant intermediate states in Raman scattering.29
Generally, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of ligands are evenly distributed in energy with respect to the
Fermi level of metal.29 By charge transfer between adsorbates and metal, the gap between
molecular HOMO and LUMO is broadened.29 The new formed intermediates have higher
Raman cross section than the original adsorbates.29 Currently, the chemical enhancement
mechanism is still less understood than the electromagnetic mechanism. Chemical
enhancement mechanism is sometimes used to explain SERS when the sole use of
electromagnetic mechanism is not strong enough. In fact, the complete understanding of
14

SERS enhancement is still challenging because SERS intensity is often affected by
numerous factors.15

2.5

Summary
In this charpter, both normal Raman and SERS were introduced and the

corresponding mechanisms were described. As spectroscopic technologies detecting light
scattering, both Raman and SERS have their advantages and disadvantages. The
tolerance of water is one of the major advantages of Raman spectroscopy over IR
spectroscopy, making biological analysis possible with a Raman spectrometer.22, 33-35 In
addition, SERS is a highly sensitive analytical technology.22-25 Another advantage of
using Raman spectroscopy or SERS is the small sampling amount of 10 to 20 μL
typically used. For solid samples, a milligram of sample is often enough for Raman or
SERS measurement.
Raman spectroscopy has some disadvantages: (1) A Raman spectrometer is
usually much more expensive than other spectroscopic instruments such as a UV-vis
absorbance spectrometer, a fluorospectrometer, or an IR spectrometer. (2) Raman
analysis is not a universal analytical method because not all bond vibrational modes of
molecules are Raman active. (3) Raman intensity is usually weak, making qualitative or
quantitative analysis often difficult. (4) Raman measurement is sensitive to
contamination. That means Raman analysis often requires high purity of analytes. (5)
Raman or SERS spectra are sometimes damaged by photon decomposition. (6) The
reproducibility of peak intensity is poor. (7) Raman or SERS measurement is sometimes
disturbed by fluorescence.
15

CHAPTER 3
EXPERIMENTAL AND COMPUTATIONAL STUDY OF THE PH DEPENDENCE
OF DITHIOPURINE INTERACTION WITH GOLD NANOPARTICLES

3.1

Introduction
Understanding molecular level ligand interfacial interaction with gold

nanoparticles is important for AuNP applications such as catalysts, drug delivery
vehicles, and so forth.1-6 DTP is used as a ligand in this study because DTP and its
corresponding cationic/anionic forms may have many different tautomeric structures in
solution and on AuNPs. The purpose of this work is to understand the pH dependence of
the DTP structures and composition in solution and on AuNPs using a combination of
experimental investigation and computational modeling. The molecular structure of DTP
in solution was studied using a combination of UV-vis and Raman spectroscopy while
the pH dependence of DTP interaction with AuNPs was investigated using SERS and
quantitative ligand adsorption methods. Using DFT calculation, the predicted DTP
structure distribution at different pHs, together with the calculated UV-Vis and Raman
spectra, can be acquired to further explain the above experimental spectra.
The DTP molecular structure has the characteristic fused pyrimidine and
imidazole rings. Because of its highly conjugated heterocyclic system and electronegative
sulfur and nitrogen atoms, DTP tends to undergo multiple tautomerization, protonation
16

and deprotonation reactions. Considering the rotation of SH groups, DTP may have as
many as 44 different tautomeric forms.7

Figure 3.1

Subset of possible DTP tautomeric/ionic structures

Figure 3.1 shows the subset of possible DTP tautomeric/ionic structures. Due to
the complexity of the bond configurations and the wide range of charge (-3, -2, -1, 0, +1,
and +2) in these structures, the determination of the DTP structures at specific pH seems
a difficult work. All the DTP structures illustrated above can be classified into three
types: neutral form, cationic form, and anionic form, designated with N, C, and A,
17

respectively. The charges of DTP are represented by different colors. The neutral
structures are black. The single negatively charged structures are green. The double
negatively charged structures are blue. The triple negatively charged structure is purple.
The single positively charged structure is pink. The double positively charged structure is
red.
DTP solid is light yellow in color and not readily soluble in water.36 The
extinction coefficient of DTP in pH 7- pH 8 solution is 12,700 M-1cm-1 at 348 nm.36 DTP,
purine, and several other purine derivatives which adsorb onto metal surfaces via π
stacking were reported to inhibit steel corrosion, with the inhibition efficiency order of
DTP > 6-thioguanine > 2,6-diaminopurine > adenine > guanine.37 This corrosion
inhibition ability was attributed to these molecules’ tendency to donate and accept
electrons because of their planar conjugate structures and electronegative atoms.37-39 DTP
has also been used as a chemopreventive agent due to its reactivity with electrophilic
toxic metabolites of anticancer drugs.7, 40 Furthermore, MacLeod et al. found that by
forming mustard-DTP adducts, the 2-chloroethyl ethyl sulfide and 2-chloroethyl methyl
sulfide induced toxicity and mutagenesis in human cells could be almost completely
blocked.36
Several electrochemical reduction mechanisms were proposed based on the
studies of DTP and 6-thiopurine (TP) interfacial interaction with electrode surfaces since
organothiols were known to be adsorbed onto metal surfaces via metal-sulfur bonds.41-43
6-thiopurine (TP) was widely studied because of its use as a therapy for acute
lymphoblastic leukemia.5, 44-50 DTP may have potential biological significance due to its
structural similarity to TP. To the best of our knowledge, no SERS study of DTP has
18

been published so far. This work is the first to explore the DTP molecular interfacial
interaction with AuNPs. As a purine derivative with a highly conjugated heterocyclic
structure, DTP can undergo multiple tautomerization, protonation and deprotonation
reactions.7 It would be definitely challenging to study DTP interaction with AuNPs
because of the structural complexity of DTP.

3.2

Experimental Section

3.2.1

Materials and Equipment
DTP was purchased from Sigma Aldrich. Silver nanoparticles (AgNPs) with

diameters of 50 nm were purchased from NanoComposix and AuNPs were synthesized in
our lab. Centrifugation was performed using a bench-top Marathon 21000R centrifuge
machine (Fisher Scientific). UV-Vis spectra were acquired with an Evolution 300
spectrophotometer (Thermo Scientific). Raman and SERS measurements were performed
using a LabRam HR800 (Horiba Jobin-Yvon) confocal Raman microscope system with
633 nm HeNe laser. The RamChip slide, used as a sample holder for Raman and SERS
measurements, was obtained from T&S Tech, LLC.

3.2.2

Synthesis of AuNPs
AuNPs were synthesized using the citrate reduction method.51-52 Generally,

0.0591 g of gold (III) chloride was dissolved in 150 mL of Nanopure water and then the
solution was heated to a boil. 15 mL of 38.8 mM sodium citrate solution was then added
to the solution and the mixture was refluxed for 20 mins before cooling to room
temperature. The size of these AuNPs was confirmed to be 13 nm in diameter according
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to the surface plasmonic peak absorbance at 520 nm and the concentration was
determined to be 13.1 nM using the UV-Vis absorbance method with the extinction
coefficient of 2.7 × 108 M-1cm-1.8, 52 The AuNP colloidal solution was stored at room
temperature.

3.2.3

Preparation of DTP Solutions
Although DTP is not readily soluble in water, DTP stock solutions at micro-molar

levels could be prepared by adding DTP solid into water. The concentration of the DTP
stock solution was determined as 86 μM using 12,700 M-1cm-1 at 348 nm as the
extinction coefficient. DTP UV-Vis absorbance was observed to slowly decrease with
time. Therefore, the stock solution was freshly prepared for each experiment. All the
other DTP solutions were prepared by diluting from the stock solution.

3.2.4

Measurement of DTP UV-Vis Spectra at Different pHs
Three DTP solutions at acidic, neutral, and basic pHs were prepared by diluting

the stock solution with the same dilution factor but different dilution solvents (i.e., 1 M
HCl solution, water, and 1 M NaOH solution). Thus, all the final concentrations of DTP
could be controlled as 20 μM and the final concentrations of HCl and NaOH in the acidic
and basic solutions were both adjusted to 0.1 M, respectively. By mixing the above three
solutions with different volume ratios, DTP solutions with the same concentrations but at
different pH values were prepared. The UV-Vis spectra were then acquired from these
solutions.
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3.2.5

Raman Measurement of DTP
Raman spectra were acquired from both the DTP solid and DTP solutions. The

spectrum of solid DTP was acquired by depositing DTP powder onto a RamChip. Before
the spectrum acquisition, the powder was radiated under laser for at least 1h to eliminate
fluorescence. Raman spectra of DTP solutions were acquired with the saturated DTP
solutions at different pHs. Because of poor solubility of DTP in neutral and acidic
solutions, successful Raman spectral acquisition was carried out only in basic solutions
(pH 12.9, pH 11.4, and pH 9.1, respectively).

3.2.6

AgNP-based SERS Measurement of DTP at Different pHs
The AgNP-based SERS spectra were acquired by mixing 20 μM DTP solutions at

different pHs with the commercial AgNPs. Generally, 10 μL of DTP solution was mixed
with 10 μL of AgNP colloidal solution. After about 1 min of vortex mixing, 3μL of 15%
KCl solution was added as the aggregation agent. After an additional 5 s vortex mixing,
10 μL of the final solution was transferred to the RamChip for the acquisition of SERS
spectra.

3.2.7

AuNP-based SERS Measurement of DTP and the Quantification of DTP
Adsorption on AuNPs at Different pHs
By diluting the stock solution with 1 M HCl solution or 1 M NaOH solution, two

25 mL 50 μM DTP solutions were prepared. The final concentrations of HCl or NaOH in
these two solutions were both adjusted to 0.1 M. More DTP solutions were then prepared
by mixing the above two 50 μM DTP solutions with different volume ratios. Thus, these
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DTP solutions had the same concentrations and ionic strength, but were at different pHs.
The pH dependence of the AuNP-based SERS spectra and the quantification of DTP
adsorption on AuNPs were both investigated by mixing 600 μL of these 50 μM DTP
solutions with equal volumes of AuNP colloidal solutions. The solution mixtures were
incubated for 2 hrs and then were centrifuged. The precipitated DTP adsorbed AuNPs
were then transferred to a RamChip slide for SERS measurement. The concentration of
the excess (unadsorbed) DTP in the supernatants was determined with UV-Vis
absorbance measurement, which enabled the quantification of DTP adsorbed onto the
AuNPs.

3.2.8

Density Functional Theory (DFT) Calculation
The structure of each DTP tautomer was fully optimized in the gas phase at

B3LYP53-54 level using the 6-31G(d,p) double-ξ quality basis-set55 with inclusion of
polarization functions at heavy and hydrogen atoms (B3LYP/6-31G(d,p)). The
geometries of both the neutral and the charged species were considered. The final
geometries were characterized as minima on the potential energy surface through
harmonic frequencies calculation (all frequencies found real). The Raman intensities
were also calculated and the band spectra were simulated by fitting a Lorentzian type
function,56 with parameters set to 15 cm-1 for the average width of the peaks at half
height. In addition, calculation of Raman spectra was also carried out at the same level of
theory mentioned. The spectra for all species were then assigned according to the normalmode analysis. Frequency scaling was not needed once predicted values and spectrum
profile were in satisfactory agreement to the experiment. The UV-Vis transitions were
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also calculated and assigned in aqueous solution for both the neutral and charged forms
using the time-dependent (TD) approach at B3LYP-CPCM/6-311+G(2d,p)//B3LYP/6311G(d,p) level of theory.57-58 As done for the Raman spectra, the UV-Vis band shape
was also simulated by fitting a Gaussian type function to allow a direct comparison with
experimental spectra.59 The use of a Gaussian type function gives a better match to the
observed UV-Vis spectra for such wide bands. The average width of the peaks at half
height was set to 3500 cm-1. All calculations were carried out with the Gaussian 03
program.

3.3

Result and Discussion

3.3.1 UV-Vis Spectrum of an 86 μM DTP Aqueous Solution at Neutral pH
UV-Vis spectrum of an 86 μM DTP aqueous solution at neutral pH is shown in
Figure 3.2. Three bands are observed at 246 nm, 288 nm, and 349 nm, respectively. The
concentration of the DTP aqueous stock solution was determined with the absorbance at
348 nm and the extinction coefficient of 12,700 M-1cm-1.
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Figure 3.2

3.3.2

UV-Vis spectrum of an 86 μM DTP aqueous solution at neutral pH

DFT Calculated Distribution of DTP Tautomeric/Ionic Structures in
Solution
The example tautomeric and ionic structures of DTP are shown in Figure 3.1. To

understand the DTP structural transformation in solution, the DTP structure distribution
from pH 0 to pH 14 was calculated using DFT based on the pKa values of the DTP
tautomeric/ionic structures, and the results are shown in Figure 3.3. The DFT predicted
dominant DTP tautomeric/ionic structures and their molar percentages at specific pH
values are determined from Figure 3.3 and are shown in Table 3.1. In the range of pH 0
to pH14, there are five different dominant DTP tautomeric/ionic structures (e.g., C1, N15,
A2, A6, and A9) in solution. Generally, when pH is lower than 4, the dominant DTP
tautomeric/ionic structure is C1, which is single positively charged. When pH is higher
than 4, the dominant DTP tautomeric/ionic structure transforms from C1 to the neutral
form N15, until pH 7. The dominant DTP tautomeric/ionic structure in the range of pH 8
to pH 9 is the single negatively charged A2, and dominant structure turns into the double
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negatively charged A6 at pH 10. Above pH 11, the triple negatively charged A9
dominates in solution. The DTP tautomeric/ionic structure distribution calculated using
DFT is the basis to understand experimental UV-Vis, Raman, and SERS spectra of DTP.

Figure 3.3

Distribution of DTP tautomeric/ionic structures in solution using DFT
calculation
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Table 3.1

Dominant DTP structures at different pHs using DFT calculation
Dominant
structures

#1

#2

#3

pH

1
2
3
4
5
6
7
8
9
10
11
12

C1 / 99%
C1 / 99.5%
C1 / 95%
C1 / 68% N15 / 32%
N15 / 80% C1 / 19.5%
N15 / 91%
N15 / 63% A2 / 36%
A2 / 81% N15 / 13%
A2 / 69%
A6 / 25%
A6 / 55%
A2 / 18% A9 / 18%
A9 / 69%
A6 / 24%
A9 / 97%

3.3.3 UV-Vis Spectra of 20 μM DTP Solutions at Different pHs
The pH dependence of DTP UV-Vis spectra is shown in Figure 3.4. These UVVis spectra were acquired with the 20 μM DTP solutions from pH 1.25 to pH 12.34. The
spectral feature changes with pH reflect the DTP structure change in solution. From pH
1.25 to pH 9.61, the UV-Vis spectra have three characteristic peaks around 246 nm, 288
nm, and 349 nm. These peaks gradually blue shift with pH increase. When pH increases
from 9.74 to 10.49, the peak absorbance at 288 nm and 349 nm greatly diminishes and
the absorbance peaks turn into broad absorbance bands at pH 10.49. However, when pH
values are above 10.78, the UV-Vis spectra begin to show two characteristic peaks at 253
nm and 346 nm. Three spectrum transitions are observed from pH 3.68 to pH 4.70, pH
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9.61 to pH 9.74, and pH 10.49 to pH 10.78, indicating at least three DTP protonation,
deprotonation, or tautomerization reactions.

Figure 3.4

UV-Vis spectra of 20 μM DTP solutions at different pHs

The experimental UV-Vis spectra can be partially interpreted based on the DTP
structure distribution calculated using DFT. In Figure 3.4 the spectrum features are
similar at pH 1.25 and pH 3.68, and the spectra transit between pH 3.68 and pH 4.70.
This is because in the pH range of 0 to 4, the dominant DTP structure is the positively
charged C1. When pH is above 4, the dominant DTP structure transforms into the neutral
N15 form. The neutral N15 remains the dominant structure from pH 4.2 to pH 7.3. This
explains the consistency of the experimental spectrum feature in this pH range. From pH
7.3 to pH 9.5, the dominant DTP structure is single negatively charged A2, while the
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dominant structure becomes double negatively charged A6 from pH 9.5 to pH 10.5. This
fits the experimental UV-Vis spectra in this pH range. Generally the experimental
spectral features at pH 8.86 and pH 9.61 are similar, and the transition of spectra happens
between pH 9.61 and pH 9.74 due to the start of A6 domination. But in this pH range, the
molar percentage of the dominant A6 structure is up to 55%, with the other three DTP
anionic structures A2, A5, and A9 coexisting in solution. The structural complexity in
this pH range is reflected in the ambiguous experimental UV-Vis spectra with the
diminished peaks, which may be the result of multiple contributions of all the four
anionic DTP structures. One of most important results from the calculated structure
distribution is that, when the pH is above 10.5, A9 will become the absolutely dominant
structure and its molar percentage is close to 100% from pH 12 to pH 14. This indicates
that the unique UV-Vis spectrum feature at strongly basic pHs may be contributed
completely from the triple negatively charged DTP A9 form.
Because a blue shift of the 348 nm peaks was observed with pH increase, the
maximal UV-Vis absorbance positions of the 348nm peak and the extinction coefficients
at specific pH values were measured. The extinction coefficients slightly decrease with
pH increase. The data in Table 3.2 will be used in a following section for the
quantification of pH dependent DTP adsorption on AuNPs.
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Table 3.2

pH dependence of the DTP extinction coefficients and absorbance peak
shift
pH
12.34
11.97
11.15
10.78
9.61
8.86
7.10
6.93
6.71
6.03
5.05
4.83
4.70
3.68
2.89
2.12
1.25

3.3.4

λmax (nm)
346
346
344
346
347
348
349
348
348
347
348
348
348
349
349
349
348

X 104 (M-1cm-1)

1.09
1.16
1.17
1.15
1.10
1.17
1.10
1.01
1.01
1.01
1.11
1.11
1.13
1.27
1.29
1.31
1.36

DFT Calculated UV-Vis Spectra of the Specific DTP Tautomeric/Ionic
Structures and DFT Calculated UV-Vis Spectra of DTP at Different pHs
Because the DTP experimental UV-Vis spectra were well interpreted by the DFT

calculated structure distribution, we decided to assign the specific DTP tautomeric/ionic
structures to each individual experimental spectrum to enhance the understanding. The
UV-Vis spectra of six major DTP tautomeric/ionic structures, C1, N15, A2, A5, A6, and
A9 were calculated using DFT, and the results are shown in Figure 3.5a. Some
correlation can be observed by comparing the experimental UV-Vis spectra in Figure 3.4
and the calculated UV-Vis spectra in Figure 3.5a. For example, there are three
characteristic absorbance peaks in both the calculated C1 spectrum and the experimental
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spectra at pH 1.25 and pH 3.68 because C1 is the dominant structure in solution when pH
is lower than 4. However, considering spectral feature and peak position, the calculated
spectra generally do not match the experimental spectra. One of the reasons may be that,
the real DTP solution conditions at different pHs were not put into the DFT calculation.
Using the calculated UV-Vis spectra in Figure 3.5a and the known molar
percentage of DTP structures at different pHs illustrated in Table 3.1, the DFT calculated
UV-Vis spectra at different pHs were acquired, and the result was shown in Figure 3.5b.
The calculated DTP UV-Vis spectra at different pHs generally do not match the
experimental UV-Vis spectra shown in Figure 3.4. However, the spectral transition points
in both the experimental and the calculated spectra are generally consistent. The first
transition point is between pH 3.68 and pH 4.7 in the experimental spectra, while the
spectral transition happens between pH 4 and pH 5 in the DFT calculated spectra.
Another spectral transition in the experimental spectra happens between pH 9.74 and pH
10.19, which is consistent with the spectral transition between pH 9 and pH 10 in the
calculated spectra. In both the experimental UV-Vis spectra in Figure 3.4 and the
calculated UV-Vis spectra in Figure 3.5b, the spectra features are similar when pH is
higher than 10.78, indicating the dominant A9 structure at strongly basic pHs.
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Figure 3.5

DFT calculated UV-Vis spectra of DTP

(a) DFT calculated UV-Vis spectra of the specific DTP tautomeric/ionic structures
(b) DFT calculated UV-Vis spectra of DTP at different pHs

3.3.5

Experimental and DFT Calculated DTP Normal Raman Spectra
Both the experimental and the DFT calculated DTP normal Raman spectra are

shown in Figure 3.6. DTP solubilities in solvents with lower pH values, such as water and
1M HCl solution, and the solubilities in organic solvents, such as methanol and ethanol,
were too poor to acquire normal Raman spectra. In Figure 3.6, the first four experimental
Raman spectra from the top were acquired from the DTP powder and the DTP saturated
solutions at pH 12.90, pH 11.44, and pH 9.07, respectively. The peak features of DTP
powder and DTP solutions are different because the DTP tautomeric and ionic structures
may be different in solid and in solution. The correlation of peak shape and peak postion
among the three solution spectra is generally good, where the spectral features at pH
12.90 and pH 11.40 are more similar than that at pH 9.07. Since normal Raman
spectroscopy reflects molecular structure, the spectral feature difference indicates the
DTP structure change from pH 9.07 to pH 11.40. Considering the DTP structure
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distribution, the experimental Raman spectra at pH 11.40 and pH 12.90 may be attributed
to the dominant structure A9, while the experimental Raman spectra at pH 9.07 may be
due to the multiple contributions from structures A2 and A6.

Figure 3.6

Experimental and DFT calculated DTP normal Raman spectra, where the
first four experimental spectra from the top were acquired from the DTP
powder and the DTP saturated solutions at different basic pHs (i.e., pH
12.90, pH 11.40, and pH 9.07), and the last six DFT calculated spectra
at the bottom, are for the specific DTP tautomeric/ionic structures

Further analysis may be performed with the assistance of the calculated Raman
spectra using the six major DTP structures (e.g., C1, N15, A2, A5, A6, and A9) in
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solution. Although the experimental spectra and the DFT calculated spectra of structures
C1, N15, A2, and A5, do not match very well, the correlation of peak position between
the experimental spectra of DTP solutions and the calculated spectra of A9 and A6 is
generally good, indicating the spectral contributions from structures A9 and A6 at basic
pHs. This conclusion is consistent with the DTP structure distribution and the previous
analysis of DTP UV-Vis spectra. However, it is hard to specifically attribute the
experimental solution spectra to either the A9 or A6 structure by combining the
experimental and DFT calculated DTP normal Raman spectra. Due to the failed
acquisition of Raman spectra at lower pHs, the determination of other structures such as
C1, N15, and A2 is not feasible.

3.3.6

pH Dependence of DTP SERS Spectra
Both the AuNP-based and AgNP-based SERS spectra in Figure 3.7 were acquired

from 20 μM DTP solutions at different pHs. For the AuNP-based SERS, the spectral
features from pH 1.25 to pH 10.78 are similar. A minor difference is observed between
the spectra of pH 1.25 and pH 1.73 in the range of 1200 cm-1 to 1300 cm-1. However,
when the pH rises to 11.15, the major transition of SERS spectrum feature begins, where
the double peaks at 1251.7 cm-1 and 1274.3 cm-1 combine into a new peak at 1269.0 cm-1.
A small peak at 1416.1 cm-1 only appears at pHs above 11.15 and its peak intensity
increases with pH increase. In addition, other minor spectral feature changes are also
observed at pHs above 11.15, including the disappearance of the 1575.8 cm-1 peak, the
appearance of the small 1541.7 cm-1 peak, and the peak shifts from 856.8 cm-1 and
1006.8 cm-1 to 859.1 cm-1 and 1000.1 cm-1, respectively. For the AgNP-based SERS, the
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major spectrum feature transition also happens between pH 10.78 and pH 11.15. When
the pH is below 10.78, three peaks at 1216.0 cm-1, 1251.7 cm-1, and 1273.3 cm-1 can be
observed. When the pH is above 11.15, the 1251.7 cm-1 peak significantly decreases or
even disappears, leaving only two peaks at 1214.19 cm-1 and 1271.1 cm-1. The 1271.1
cm-1 peak becomes the most intense peak when the pH is higher than 11. Based on the
major spectral feature change between pH 10.78 and pH 11.15 in both the AuNP-based
and AgNP-based SERS spectra, together with the SERS spectral consistency at pHs
either above pH 11.15 or below pH 10.78, it can be concluded that only two different
DTP tautomeric/ionic structures may interact with nanoparticle surfaces, though many
different DTP tautomeric/ionic structures may exist in solution. For both AuNP-based
and AgNP-based SERS spectra, the spectra features of DTP solutions with pHs lower
than 10.78 may be attributed to only one DTP tautomeric/ionic structure, which has high
binding affinity to nanoparticle surfaces. Considering the absolute domination of
structure A9 at strongly basic pHs shown in Figure 3.3, in the range of pH 11.15 to pH
12.34, A9 is possibly the structure which is adsorbed on nanoparticle surfaces, even if
one of the other DTP tautomeric/ionic structures may have higher binding affinity to
nanoparticle surfaces.
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Figure 3.7

3.3.7

AuNP-based SERS (left) and AgNP-based SERS spectra (right) acquired
from 20 μM DTP solutions at different pHs where the SERS substrates
used were AuNPs with diameters of 13 nm and AgNPs with diameters
of 50 nm, respectively

Study of DTP Molecular Interfacial Interaction with AuNPs
Based on the results of investigation into the DTP tautomeric/ionic structures at

different pHs, DTP was selected as the ligand to study molecular interfacial interaction
with AuNPs.
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Figure 3.8

Photo of the overnight incubated mixtures of 1 mL of 13.1 nM AuNP
colloidal solution with equal volumes of 50 μM DTP solutions
dissolved in 0.1M HCl solution, water, and 0.1M NaOH
solution, respectively (or with equal volumes of the
corresponding solvents as the control solutions)

1 mL of 13.1 nM AuNP colloidal solution was mixed with equal volumes of the
three 50 μM DTP solutions dissolved in 0.1M HCl solution, water, and 0.1 M NaOH
solution, respectively. The control solutions were also prepared similarly using the
corresponding solvents. The mixtures were incubated overnight to investigate the
stability of AuNPs under these conditions, and the results are shown in Figure 3.8.
AuNPs are found to be stabilized by DTP at basic pHs, while nanoparticle aggregation is
further induced at acidic pHs.
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Figure 3.9

Quantification of DTP adsorption on AuNPs at different pHs

(a) Photo of the overnight incubated mixtures of 500 μL of 12.6 nM AuNP colloidal
solution with equal volumes of 50 μM DTP solutions at different pHs
(b) Quantification of DTP adsorption on AuNPs at different pHs by subtracting the
concentrations of excess DTP in the supernatants from the total DTP
concentrations, where the total DTP concentrations are 25 μM and
the concentration of AuNP colloidal solution is 6.3 nM
(c) UV-Vis spectra of the basic mixtures at pH 9.00 and pH 12.72, shown in
Figure 3.9a, and UV-Vis spectrum of 1.3 nM AuNP colloidal solution

To investigate the ligand interaction with AuNPs, 500 μL of 12.6 nM AuNP
colloidal solution was mixed with equal volumes of 50 μM DTP solutions at different
pHs. The pH values shown in Figure 3.9a were measured from the supernatants after 2 hr
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incubation. The AuNPs from pH 1.18 to pH 5.96 are aggregated while the AuNPs seem
to be stabilized at pH 9.00 and pH 12.72. By comparing the UV-Vis spectra in Figure
3.9c, it can be concluded that the AuNPs are partially aggregated in the two basic
solutions. If AuNPs do not aggregate at all, the UV-Vis absorbance at 800nm should be
very small and the baseline should be observed from 800nm to 1100nm. However, both
the UV-Vis spectra of the two basic mixtures show absorbance at 800nm. Furthermore,
the AuNPs at pH 12.72 are more stabilized than those at pH 9.00 according to their UVVis spectra.
The concentrations of excess (unadsorbed) DTP in the supernatants were
quantified using both the extinction coefficients of DTP solutions at different pHs listed
in Table 3.2 and the UV-Vis absorbance spectra of the supernatants illustrated in Figure
3.9a. Subtracted from the total concentrations of 25 μM, the amount of DTP adsorbed
onto AuNPs at different pHs could be determined. The pH dependent DTP adsorption on
AuNPs is shown in Figure 3.9b. Generally, the adsorption decreases as the pH increases.
When the pH is higher than 12, the DTP adsorption on AuNPs is extremely small. The
pH dependence of DTP adsorption on AuNPs can be explained by the DTP
tautomeric/ionic structures in solution. DTP is an organothiol which can penetrate the
negatively charged citrate layer of AuNPs through adsorption. When the pH is higher
than 12, the dominant DTP tautomeric/ionic structure in solution is A9, which is triple
negatively charged. If A9 adsorbs onto AuNPs, the electrostatic repulsion on the AuNP
surfaces should be the strongest. Therefore, the adsorbed DTP anions are more separated
from each other on AuNP surfaces, causing the DTP adsorption to be small. In contrast,
at strongly acidic pHs, the dominant DTP structure is C1, which is single positively
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charged. The adsorption of C1 on AuNPs neutralizes the AuNP surface charge and
therefore the DTP adsorption amount at acidic pHs is higher. When pH values increase
from 0 to 14, the dominant DTP structures transform from the single positively charged
C1 to neutral N15, single negatively charged A2, double negatively charged A6, and
finally to the triple negatively charged A9. Therefore, with pH increase, the adsorption of
DTP tautomeric/ionic structures on AuNPs strengthens electrostatic repulsion on the
negatively charged AuNP surfaces. This can explain why DTP adsorption on AuNPs
decreases with pH increase.
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Figure 3.10

SERS spectra acquired from the precipitated AuNPs with the adsorbed
DTP, shown in Figure 3.9a, and the pH values were measured from
the supernatants after centrifugation

Figure 3.10 shows the pH dependence of SERS spectra acquired with the
precipitated DTP adsorbed AuNPs from Figure 3.9a. The pH values were measured from
the supernatants of DTP and AuNP mixtures. The spectral features from pH 1.34 to pH
10.12 are similar. The spectral features from pH 11.76 to pH 12.71 are also similar. The
SERS spectral transition happens between pH 10.12 and pH 11.76, indicating DTP
structure or orientation change on AuNPs. Figure 3.3 and Table 3.1 show the dominant
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structure A9 at strongly basic pHs. Therefore, the major contributor to SERS spectra
acquired from DTP solutions with pH > 11 is the triple negatively charged A9. Even
though there are various DTP tautomeric/ionic structures in solution from pH 0 to pH 11,
the similarity of SERS spectra from pH 1.34 to pH 10.12 indicates that there may be only
one DTP structural conformation on AuNP surfaces in this pH range. Because of the lack
of DFT calculated SERS spectra of DTP, currently the determination of this specific
structure or orientation on AuNPs in this pH range is not feasible.

3.3.8

Conclusion
Combining experimental spectra and DFT calculations is a widely used method to

study molecular tautomerization/ionization reactions, molecular structure or orientation,
ligand-metal interaction, and so forth.7-12, 44, 60 In this chapter, both the experimental
spectra and DFT calculated spectra of DTP were used to analyze the complicated pH
dependence of the DTP tautomeric/ionic structures in solution and on AuNP surfaces.
The molecular structure of DTP in solution was studied using a combination of UV-vis
and Raman spectroscopy, while the pH dependence of DTP interaction with AuNPs was
investigated using SERS and quantitative ligand adsorption methods. All the DTP
experimental spectra and the DTP adsorption on AuNPs are pH dependent. The DFT
calculated DTP structure distribution in solution provides the basis for understanding the
experimental pH dependence of DTP. Especially for the experimental UV-Vis spectra,
the spectral feature transition can be interpreted with the assistance of DFT calculation.
The individual experimental UV-Vis spectra may attribute to one or several specific DTP
tautomeric/ionic structures. The DFT calculated Raman spectra of A9 and A6 also have
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some correlation with the experimental Raman spectra acquired using the saturated DTP
solutions at basic pHs. This correlation indicates that the dominant DTP structures at
basic pHs are A9 or A6, consistent with the analysis to the UV-Vis spectra and the DFT
calculated structure distribution. According to the analysis of the AuNP-based SERS
spectra, from pH 1.34 to pH 12.71, only two DTP tautomeric/ionic structures may
interact with AuNP surfaces, though DTP may have many other tautomeric/ionic
structures in solution. One of the two structures is the triple negatively charged A9, which
interacts with AuNPs at strongly basic pHs. The small amount of DTP adsorption at
strongly basic pHs can be attributed to the strong electrostatic repulsion among the
adsorbed A9 structures. In the pH range of 1.34 to 10.12, the other DTP structure adsorbs
on AuNPs, though the specific structure is not able to be pointed out based on the current
data.
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